An optical sum frequency generation (SFG) microscopy image of a fish scale of Pagrus major was observed. Its SFG spectra were also measured and were compared with that of collagen of Achilles tendon of a cow (Bos taurus). From this comparison, the peak near 2950 cm −1 in the fish scale spectrum was assigned to the fish collagen. The two collagen spectra showed different line shapes and widths owing to a difference in the background nonlinearity. In the SFG image of the fish scale cross section, stronger signal was observed from the sea side than from the body side.
I. INTRODUCTION
It is known that infrared and Raman microscopes can visualize molecular vibration. On the other hand, sum frequency generation (SFG) microscopy uses the second order nonlinear effect. This effect is sensitive to the symmetry of material's structure because it occurs only at non-centrosymmetric parts in the sample. Hence this microscope is expected to be useful in the observation of biomaterials because most biomolecules have chiral or noncentrosymmetric structure. The spatial resolution of this microscope is determined by the diffraction limit at the observed wavelength. In order to realize a higher performance of the sum frequency generation microscopy, we developed a SFG microscopy incorporating a confocal optics [1] . However, this microscope has been developed only recently, and there are not many successful observation examples so far. Therefore, it is necessary to evaluate this microscopy's performance by observing as many samples as possible. For this purpose we used fish scales as a sample for evaluating the performance of the microscope. Fish scales contain collagen. Generally, a biomolecule is a chiral molecule, and thus collagen has second order nonlinearity. So far, optical second harmonic generation [2, 3] , sum frequency generation spectrum [4] , and SFG microscopic images [5] from collagen have been reported.
All multicellular organisms have collagen in themselves. Collagen is a protein based on glycine, proline, and hydroxyproline, and their chains are combined to form a triple-helical structure. Collagen is the main ingredient in the animal skin, bones, tendons, cartilage, and teeth. Because of such characteristics, the collagen is studied in the fields of anti-aging, food, cosmetics, healthy supplement, living body or medical materials such as an artificial cornea and vascular grafts [6] . General fish collagen has a low denaturation's temperature because it contains less * This paper was presented at 9th International Symposium on Atomic Level Characterizations for New Materials and Devices, Sheraton Kona, Hawaii, U. S. A., December 2-6, 2013 hydroxyproline contributing to structural stability [7, 8] . However, fish collagen in scales is insoluble fibrillar collagen because collagen fibrillar skeletons are cross-linked together by minerals such as calcium. The fish scale has an analogous structure to human bones and it is studied with respect to the regenerative surgery of bones or teeth. In this context, the fish scales are regarded as one of the best samples for the demonstration of our SFG confocal microscopy. In this study a scale of Pagrus major was used as the sample. There are two reasons for the choice of this species of fish. First, the scale of this fish is bigger than that of other fish and the cross section is easier to observe. Secondly, the Pagrus major is easily available in Japan so that we can take a good scale sample. We performed SFG microscopy and spectroscopy of the fish scale of Pagrus major. Figure 1 is the optical setting of our sum frequency generation confocal microscopy. The light source is a Nd 3+ :YAG laser and the 1064 nm light from it is converted into a visible light of 532 nm wavelength in the harmonic unit. Therefore, infrared light of 3 µm wavelength is generated in the optical parametric generator and difference frequency generator (OPG/DFG) system using the 1064 nm and 532 nm light. This IR light was guided to the sample by using gold mirrors. The visible light of wavelength 532 nm passed the delay line and the neutral density (ND) filters, and irradiated the sample. The SFG light from the sample was collected by an objective lens (NA=0.45), reflected by a dichroic mirror, passed through band pass filters, was focused on a pinhole of 2 mm radius and detected by a photomultiplier.
II. EXPERIMENTAL
The confocal optics has a spatial resolution √ 2 times better than a normal imaging optics by having a pinhole in its image-formation optics and blocking the off-focus light. The spatial resolution of 0.4 µm was obtained for our SFG confocal microscope by using a 10 µm pinhole [10] . However, since we could not obtain high SFG intensity from fish scale samples by using a 10 µm pinhole, we used a 2 mm pinhole in this study. In this case the spatial resolution is determined by the focusing of the visible excitation beam by the objective lens and the lateral spatial resolution was around 2 µm. Correspondingly, the depth resolution was around 5 µm.
A water supply sponge (Daiso Sangyo Corp.) was used to hold the cross section of the fish scales as shown in Fig. 2 . Bos taurus's (cow) Achilles tendon collagen was purchased from Wako Pure Chemical Industries, Ltd. and was used as delivered. 
III. RESULTS AND DISCUSSION

cm
−1 but its shape has more asymmetric component than those in Figs. 3(a) and (b) . This collagen is type I collagen [9] . The SFG spectrum of the collagen of Bos taurus's tendon in Fig. 3(c) is consistent with the previous report by Mendoza [4] . From the comparison among these three spectra, the SFG peaks in Figs. 3(a) and (b) are assigned to fish collagen.
The curves in Fig. 3 are the fitting curve according to the equation,
Here χ NR is a non-resonant background nonlinear susceptibility, ω V and Γ V are the frequency and width of the resonant peak, respectively, φ is the phase of the nonlinearity peak with respect to the background χ NR , and χ V is the resonant nonlinear susceptibility. Table I shows the parameters used to draw the theoretical curves in Fig. 3 . We can see in Table I that the peaks of the cow tendon and the fish scale spectra have similar positions and widths. The peak position of the fish scale on the body side is a little lower in the frequency scale than those of the other two samples, but it is not significant because the shift is smaller than the peak widths. On the contrary, we can see in Table I that the non-resonant background χ NR of the nonlinear susceptibility of Bos taurus collagen was larger than that of fish the scale collagen. Especially, χ NR /χ V of cow tendon collagen is larger than that of fish scale on the body side in a statistically meaningful way. Owing to this difference the SFG peak of the cow tendon looks broader and more asymmetric than that of the fish scale.
From the literature, the collagen of Bos taurus's tendon is different from that of the fish scale in the content of hydroxyproline and impurities [6] . Non-resonant components may originate from other materials such as lipid. These materials do not have their resonance in the present measurement range, and should contribute only to the background intensity of the spectra in Fig. 3 . Figure 4 (a) shows a microscopic image of the cross section of the fish scale of Pagrus major taken by a CCD camera. Figure 4(b) is a linear confocal microscopic image of the same sample using 532 nm incident light. at the collagen's CH 2 vibrational peak. White dots in the images in Fig. 4 are signal intensity points. When this fish scale sample was on the fish body, the sea water was in the upper direction of the figure (sea side), and the fish body was in the lower direction (body side). The image is bright in the upper part of both Fig. 4(b) and (c), but the dot distribution is different between the two images. In Fig. 4 (c) the brightness distribution corresponds to that of collagen because infrared beam of 2950 cm −1 at collagen peak is used to obtain this SFG image. Since the sea side of the sample has more white dots than the body side, the sea side is interpreted to have more collagen ingredient.
Therefore, we are successful in observing fish collagen in scales by SFG confocal microscopy.
IV. CONCLUSIONS
We have measured an SFG spectrum of collagen in a fish scale and observed its image by sum frequency generation microscopy. We compared SFG peak positions, peak widths and non-resonant components of cow collagen and the fish scale collagen. The difference was found in the non-resonant component. From the SFG intensity image we can say that the sea side part in the scale has more collagen content.
